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A B S T R A C T   

Heterogeneous laminates have demonstrated an extraordinary combination of strength and ductility. However, 
their response to tribological loading remains elusive. Here, a series of bulk heterogeneous Cu/CuZn laminates 
with layer spacings from 20 to 200 μm were prepared, to systematically investigate the role of layer spacing and 
sliding direction on friction and wear. We find that below a critical spacing value or above a tribological stress 
threshold, the friction coefficient and wear rate during sliding perpendicular to the laminate interface are much 
lower than the parallel one. When sliding parallel to the interfaces, the formation of a brittle nanostructured 
tribolayer dominates in the CuZn layers for all sliding cycles. While sliding perpendicular to the interfaces in the 
early stage, many deformation twins and dislocations form close to the interfaces in the CuZn layer, producing 
strain gradients and thus alleviating the strain localization. In the late stage of the sliding contact, friction- 
induced chemical mixing perpendicular to the interfaces is significantly stimulated below the critical layer 
spacing, mitigating the formation of a delaminating tribolayer. The observed friction anisotropy is intimately 
related to interface-induced strain delocalization, providing guidelines in designing the heterogeneous laminates 
with outstanding tribological properties.   

1. Introduction 

Controlling friction in materials tribology, particularly for metallic 
materials during dry sliding, has been a long-standing challenge. First, 
polycrystalline metals display high steady-state coefficients of friction 
(COFs), leaving limited room for modifications of chemical composi
tions [1]. The main cause is deformation-induced surface roughening 
and unavoidable strain localization in contacts. Second, alterations of 
the grain size to the nanoscale are insufficient to mitigate friction and 
wear under high tribological loading, although a substantial difference 
in hardness exists [2,3]. This stems from the low strain capability of 
nanograins and the formation of a delaminating nanograined tribolayer 
beneath the surface. The frictional force was intimately related to plastic 
deformation in the contact surface and subsurface layer, and friction 
reductions were only observed in metals with stable nanograins under 
very mild sliding conditions [4–6]. 

The motivation to modulate friction has triggered numerous interests 

through surface morphology modification in the past decades. As a 
typical example, surface texturing [7–9] was demonstrated to be potent 
and effective in not only optimizing the tribological behavior, but also 
providing friction anisotropy [10,11]. The texturing elements mainly 
consist of dimples [12,13] and grooves [14,15] with dimensions ranging 
from several tens to hundreds of microns. For grooves, the friction 
anisotropy was frequently reported to be dependent on their width, 
depth and spacing. For instance, an optimal groove spacing of 75 μm was 
found to excite the highest friction anisotropy and provide better 
tribological properties when sliding perpendicular to the grooves under 
dry conditions for surface textured 304 L stainless steel [16]. The 
postulated mechanisms for friction reduction include the trapping and 
storage of wear debris or lubricants, reduction of contact area, and 
improvement in heat transfer [8]. However, a lack of long-term sus
tainability greatly limits their applications when the morphological 
textures are filled with wear debris or entirely removed. 

In recent years, efforts have shifted to the issue of mitigating friction 

* Corresponding author. 
E-mail address: xiang.chen@njust.edu.cn (X. Chen).  

Contents lists available at ScienceDirect 

Materials Characterization 

journal homepage: www.elsevier.com/locate/matchar 

https://doi.org/10.1016/j.matchar.2024.113644 
Received 29 November 2023; Received in revised form 2 January 2024; Accepted 4 January 2024   

mailto:xiang.chen@njust.edu.cn
www.sciencedirect.com/science/journal/10445803
https://www.elsevier.com/locate/matchar
https://doi.org/10.1016/j.matchar.2024.113644
https://doi.org/10.1016/j.matchar.2024.113644
https://doi.org/10.1016/j.matchar.2024.113644


Materials Characterization 208 (2024) 113644

2

and wear by introducing a gradient nano-grained (GNG) structure 
[17–23], i.e. a spatial gradient in grain size increasing from tens of 
nanometers at the surface to micrometers in the bulk. Such a hetero
geneous GNG structure enables a remarkable reduction of COFs and 
wear rates by one order of magnitude in Cu and Cu alloys, due to the 
suppression of friction-induced strain localization [20–22]. In a broad 
sense, heterogeneous materials exhibit characteristics of diverse mi
crostructures over a wide range of length scales, including the GNG 
structure mentioned above, as well as heterogeneous lamella structure 
[24,25], laminate structure [26–29], multi-modal grain structure [30] 
and harmonic structure [31,32], to name a few examples. These het
erogeneous materials share one common feature: soft domains are 
constrained by hard domains in an intelligently designed fashion. For 
instance, heterogeneous bulk Cu/CuZn laminates with different coarse 
lamellae spacings (3.7–125 μm) were reported to display an unparal
leled combination of high strength and ductility [27]. Regarding their 
fundamental deformation mechanisms, strain partitioning occurs among 
the Cu/CuZn interfaces after yielding, bringing about back stresses in 
the soft Cu domains and forward stresses in the hard CuZn ones, which is 
known as hetero-deformation induced (HDI) hardening [33]. It was 
further pointed out that there exists an interface affected zone with 
strain gradients, and the design guideline to attain the maximum HDI 
hardening effect is to render the interface affected zone comparable to 
half of the lamellar spacing (15 μm) [27]. Although such a heteroge
neous laminate is supposed to bring about strain delocalization under 
monotonic deformation modes, the question arises to whether it is 
effective in mitigating friction-induced strain localization. 

Going back to the literature, the tribological behaviors of nanoscale 
metallic multilayers films (lamellae spacing less than 100 nm) have been 
extensively investigated, such as Au/Ni [34], Cu/Ni [35], Cu/Au 
[36,37], Cu/Nb [38] and NbMoWTa/Ag [39], etc. For Au/Ni multi
layers, the COF reduces with decreasing layer spacing from 100 to 10 nm 
due to transitions from dislocation-mediated to grain boundary- 

mediated deformation in the subsurface layer [34]. More recently, sin
gle nanoscratch tests were carried out on immiscible Cu/Nb nano
laminates with a diamond tip (40 nm in radius) moving perpendicular to 
the laminate interfaces [38]. A transition from intra-layer dislocations 
slipping to dislocations slip across the interface occurs when the layer 
spacing is less than a critical size (~8 nm), boosting the interfacial 
plasticity and thus forcing chemical mixing. Moreover, molecular dy
namics simulations indicate that the interfaces play roles in strain 
delocalization or deformation coordination during tensile or friction 
deformation of heterogeneous metallic laminates [40,41]. Note that 
macroscopic friction tests can only be carried out parallel to the inter
face planes instead of perpendicular to the interfaces, basically limited 
to the thickness of multilayers films [42,43]. Consequently, the effect of 
the lamellae spacing and the role of interfaces on friction and wear 
remain elusive for bulk laminates. 

In this paper, a series of bulk heterogeneous Cu/CuZn laminates with 
layer spacing from 20 to 200 μm were prepared. These bulk laminates 
serve as ideal model materials to systematically investigate the influence 
of layer spacing on the tribological properties, and to examine the 
friction and wear anisotropy under different sliding directions for the 
first time. By tracking the surface and subsurface structural and chem
ical changes, the prevailing friction, wear and associated surface 
deformation mechanisms in heterogeneous copper/bronze laminates are 
delineated. 

2. Materials and methods 

2.1. Sample preparation 

The Cu/CuZn bulk laminates were fabricated through diffusion 
welding and cold rolling, as illustrated in Fig. 1a. Commercial pure 
copper (99.9 wt%) and bronze (Cu-32 wt% Zn) sheets were utilized as 
the raw materials (Tengyu Metals Co., China). The sheets were 

Fig. 1. (a) Schematic of the experimental set-ups to fabricate the heterogeneous laminates: diffusion welding, cold-rolling and heat treatment. (b and c) Schematic 
diagrams of the friction tests (b) and worn subsurface characterization (c). Two sliding directions (SD) were chosen for comparison: one is parallel to the interface and 
the other one is perpendicular. A frame of reference for the sample coordinate system was defined by the SD, the transverse direction (TD) and the direction normal to 
the sliding surface (ND). For the sample sliding perpendicular to the interface, the ND-SD cross-sections were prepared. While for the parallel one, both the ND-TD 
and ND-SD cross-sections were characterized. 
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mechanically polished with 3.5 μm diamond suspensions (Zhengzhou 
research institute, China) to remove the native oxide, followed by ul
trasonic cleaning in acetone to remove oil. Next, the Cu and CuZn sheets 
with 1 mm and 0.8 mm thickness respectively were cross-stacked 
alternately and joined together using diffusion welding at a pressure 
of 2.5 MPa at 920 ◦C for 2 h under argon protection. The initial thickness 
is 36 mm, including 20 layers for each component. Afterwards, the 
laminate was cold-rolled at room temperature to achieve the desired 
layer spacing, with each pass resulting in approximately 10% thickness 
reduction. 

In this work, laminates with layer spacing of 20, 50, 100 and 200 μm 
were prepared, referred to as Laminate-20, Laminate-50, Laminate-100 
and Laminate-200 hereinafter. The four laminates were subsequently 
annealed in a tube furnace at 350 ◦C for 3 h with argon flow to attain 
fully recrystallized grains. HMV-705 tester (SHIMADZU, Japan) was 
used to measure the microhardness of the laminates with a loading 
duration of 10 s. For each layer, at least ten hardness experiments were 
performed. 

2.2. Friction and wear tests 

Dry sliding tests of the laminates were performed on a linear recip
rocating tribometer (UMT-2, Germany) with a ball-on-plate contact 
configuration at room temperature. The relative humidity in air was 
maintained at 35 ± 5%. Al2O3 balls with 6 mm diameter served as the 
counter bodies since they are much harder than the Cu/CuZn laminates. 
Prior to the friction tests, all samples were mechanically polished with 
3.5 μm diamond suspensions and then electro-polished in an electrolyte 
consisting of 90% phosphoric acid and 10% deionized water at room 
temperature. Two sliding directions, perpendicular and parallel to the 
interface, were intentionally chosen to explore the friction and wear 
anisotropy, as schematically shown in Fig. 1b. Sliding loads of 2 N and 5 
N, and a sliding speed of 1 mm/s were applied. The sliding cycles were 
10, 100 and 900. The sliding stroke was 2 mm. In addition, the 
Laminate-20 sample was subjected to a high tribological stress by sliding 
against a 1 mm diameter Al2O3 ball with a normal load of 2 N. The 
sliding speed was kept constant and the COF was automatically recorded 
by the tribometer. To determine the wear volume, 3D profiles of wear 
scars were measured using a spectral confocal profiler (SM-1000, 
Applied Scientific Instrumentation, USA). The specific wear rate (K) is 
calculated by the following expression: 

K =
W
FL

(1) 

Where W is the wear volume which was obtained by the 3D profiler, 
while F and L represent the normal load and the total sliding distance, 
respectively. 

2.3. Wear surface and subsurface microstructure characterization 

A scanning electron microscope (SEM, Quanta 250 FEG, USA) 
equipped with an energy dispersive spectroscopy (EDS) detector was 
used to examine surface morphologies and elemental distributions at an 
acceleration voltage of 15 kV. For the laminates sliding perpendicular to 
the interface, cross-sections were prepared parallel to the sliding di
rection (Fig. 1c) by wire cutting, ground to the center of the wear scars 
and electro-polished. For the laminates sliding parallel to the interface, 
two types of cross-sections were prepared by cutting parallel and 
perpendicular to the sliding direction, respectively. All cross-sections 
were examined by electron backscatter diffraction (EBSD) with a 
focused ion beam/scanning electron microscopy dual-beam system 
(FIB/SEM, Zeiss Auriga, Germany) at an acceleration voltage of 15 kV. 
The step size was 100 nm. The EBSD orientation data was analyzed with 
the Channel 5 software and the Kernel average misorientation (KAM) 
method was used to measure the local misorientation (θ) with a 
threshold value of 5◦, beyond which the misorientation is interpreted as 

grain boundaries. The geometrically necessary dislocation (GND) den
sity was estimated by: 

ρGND =
2θ
ub

(2)  

where u is the step size (100 nm) and b denotes the length of the Burgers 
vector (0.255 nm for copper). 

Cross-sectional transmission electron microscope (TEM) foils were 
prepared through a standard FIB lift-out technique from the center of the 
wear scar, as shown in Fig. 1c. The worn subsurface structures were 
characterized with a TECNAI G2 20 TEM with an acceleration voltage of 
200 kV. High-resolution scanning TEM (HRSTEM) images were taken 
using a FEI Titan ChemiSTEM G2 80–200 TEM at 200 kV. 

3. Results 

3.1. Microstructures of the cu/CuZn laminates 

The EBSD inverse pole figure (IPF) maps clearly show the interfaces 
between the Cu and CuZn layers in four different laminates (Figs. 2a-d). 
Additionally, SEM images and corresponding EDS mappings of these 
samples indicate well-defined laminate structure (Fig. S1). Taking 
Laminate-200 as an example, the layer thickness of Cu and CuZn are 
about 200 ± 20 μm. The cold rolling and subsequent annealing pro
cesses led to a pronounced recrystallization in each layer. The grain size 
of the Cu layer is much larger than that of the CuZn layer. 

The grain size and hardness are plotted as a function of the layer 
spacing for each sample (Figs. 2e and f). In total, 300 grains for the CuZn 
layer and 100 grains for the Cu layer were measured to obtain their 
average grain sizes for all the laminates. The average grain sizes in both 
layers increase with the layer spacing, corresponding to the hardness 
variation. The hardness of the CuZn layer decreases from 150 to 115 HV 
with increasing layer spacing, while the hardness of the Cu layer remains 
around 80 HV, independent of the layer spacing. For each sample, the 
grain size within the Cu layer varies from a few hundred nanometers to a 
few microns, whereas the grain size distribution within the CuZn layer is 
relatively uniform, as depicted in Fig. 2e. Note that the difference in 
hardness between the Cu and CuZn layers increases as the layer spacing 
decreases. 

3.2. Friction and wear anisotropy 

To systematically investigate friction anisotropy, the friction and 
wear of all four laminates with different layer spacings were evaluated 
in both sliding directions (perpendicular and parallel to the interfaces) 
while keeping all other variables constant (Figs. 3a-b). When sliding 
parallel to the interface, the COF slightly decreases and then increases 
with increasing layer spacing, reaching around 0.45. The COF changes 
similarly when sliding perpendicular to the interface. The COFs during 
sliding perpendicular to the interface are lower than those during par
allel sliding when the layer thickness is below 50 μm (Fig. 3a). The wear 
rate also shows strong anisotropy when the layer spacing is below 50 
μm. For comparation, the friction properties of pure Cu and CuZn 
samples fabricated by the same processing parameters as Cu/CuZn 
laminates are listed in Fig. S2. The COFs increase quickly to a steady 
value of 0.5 for Cu and 0.4 for CuZn, respectively. 

In Laminate-100, the COF reaches a steady state after 400 cycles for 
both sliding directions and the COF values are almost identical (Fig. 3c). 
However, for Laminate-50, the COF curves display noticeable friction 
anisotropy (Fig. 3d). The COF increases to a steady value of 0.45 when 
sliding parallel to the interface, in analogy to Laminate-100. In contrast, 
the COF is much lower during sliding perpendicular to the interface. The 
COF variations of the Laminate-20 and 200 samples with different 
sliding directions are shown in Fig. S3. 

In order to interpret the friction anisotropy, the surface morphology 
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Fig. 2. EBSD IPF mappings of the laminates with different layer spacings: (a) 200 μm; (b) 100 μm; (c) 50 μm and (d) 20 μm. They are color coded with respect to ND. 
(e) Variation of the grain size with the layer spacing. (f) Hardness measurements of the laminates with different layer spacings. 

Fig. 3. (a-b) Variations of the COF (a) and wear rate (b) with the layer spacing for the laminates sliding perpendicular and parallel to the interface under a normal 
load of 5 N and sliding cycles of 900. (c-d) COF curves of the samples with layer spacings of 100 μm (c) and 50 μm (d) in different sliding directions. Al2O3 ball with a 
diameter of 6 mm was applied. 
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and elemental distributions were investigated (Fig. 4). The noteworthy 
feature is that, with the reducing layer spacing, the surface morpho
logical pattern changes from slight vortex-like flow to complete chem
ical mixing (Figs. 4a-c). For Laminate-200 and Laminate-100, the 
interface is curved after multiple sliding, but still discernable in the wear 
scars from the EDS results. In contrast, for Laminate-50, the interface is 
almost absent in the wear scar (Fig. 4c), indicative of strong chemical 
mixing between the Cu and CuZn layers. In addition, for Laminate-50 
sliding parallel to the interface, little chemical mixing occurs and the 
interfaces remain straight (see Fig. 4d). Furthermore, enlarged SEM 
images exhibit different worn morphologies after 900 sliding cycles 
(Fig. 5a and 6a): the surface remains smooth when sliding perpendicular 
to the interface, while obvious delamination and peeling-off of the CuZn 
layer take place in the parallel case (as shown in the element distribution 
in Fig. S4a). 

3.3. Worn subsurface structure 

In order to comprehend the microstructure-dependent friction 
anisotropy and difference in worn morphologies, cross-sectional EBSD 
and TEM characterizations of the worn subsurface structure were 
compared for the Laminate-50 sample (Figs. 5 and 6) for both sliding 
directions. When sliding perpendicular to the interface, a mixing layer is 
formed on top of the CuZn layer (Fig. 5b), taken from the area as indi
cated in Fig. 5a. The EDS results show that the mixing layer consists of 
Cu with minor Zn content (Figs. S5a and b). The grains are much more 
refined in the mixing layer (Fig. 5b). Note that the CuZn grains close to 
the interface are smaller than the ones in the middle regions below the 

mixing layer. Fig. S5c presents a cumulative distribution plot, indicating 
abnormal grain coarsening from 3.5 μm to 7.5 μm in the CuZn layer. 
Large amounts of GNDs exist in both the Cu and CuZn layers within a 
depth of about 20 μm (Fig. 5c). A cross-sectional TEM image (Fig. 5d) 
shows that the grains in the topmost mixing layer have different struc
tural features: ultra-fined grains in the topmost area and adjacent 
nanograins, as evidenced by the selected area electron diffraction 
(SAED) pattern. The corresponding EDS line scanning along the depth 
direction of the TEM specimen (Fig. S5d) further shows that the mixing 
layer consists of Cu with minor Zn content. 

For the Laminate-50 sample sliding parallel to the interface, two 
types of cross-sections were prepared as mentioned earlier: one was 
along the ND-TD plane (Fig. 6b), and the other one was along the ND-SD 
plane for both layers (Figs. 6d and f). There is no vortex-like mixing 
layer, consistent with the previous EDS result (Fig. 4d). The IPF mapping 
(Fig. 6b) shows that the plastic deformation of CuZn layer is not visible 
due to the small grain size. The GNDs density and deformation depth in 
the Cu layer are larger than that in the CuZn layer (Fig. 6c). For the ND- 
SD cross-sections of both two layers (Figs. 6d-g), the discrepancy is 
similar for the GNDs. We further prepared a TEM foil from the worn 
subsurface CuZn layer in Fig. 6d, with FIB extraction direction parallel to 
the sliding direction. The TEM image (Fig. 6h) of the CuZn layer shows a 
gradient of grain size distribution from the surface to the bulk interior. 
The grain size gradually increases to the sub-micron scale with 
increasing depth. The inset SAED pattern indicates typical friction- 
induced nanograins in the topmost layer. 

In order to elucidate the difference in deformation mechanisms and 
tribo-induced damage accumulations, the worn surface and subsurface 

Fig. 4. SEM images and corresponding EDS mappings of the wear surfaces of (a) Laminate-200 and (b) Laminate-100 with the sliding direction perpendicular to the 
interface under a normal load of 5 N after 900 cycles. (c-d) SEM images and EDS mappings of the wear surfaces of Laminate-50 sliding (c) perpendicular and (d) 
parallel to the interface under a normal load of 5 N after 900 cycles. Al2O3 ball with a diameter of 6 mm was used. 
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structure near the interface in the very early stage were compared for the 
Laminate-50 samples with both sliding directions (Fig. 7). When sliding 
perpendicular to the interface, only abrasive wear occurs. While in the 
parallel case, peeling off of the CuZn layer occurs (Fig. 7b and Fig. S4b). 
The corresponding cross-section (insert in Fig. 7b) confirms that a 
delaminating tribolayer is formed in the subsurface CuZn layer. Fig. 7c 
displays the microstructures near the interface for the sample sliding 

perpendicular to the interface, showing deformation twins and dislo
cations in the CuZn layer in the vicinity of the interface (Fig. 7e). The 
SAED pattern suggests a twinning relationship, with the twin thickness 
estimated to be about 100 nm. In the Cu layer, dislocation slip is the 
dominating deformation mechanism. In contrast, when sliding parallel 
to the interface, dislocation-dominated grain refinement is observed in 
both Cu and CuZn layers (Fig. 7d). By contrast, the CuZn grain close to 

Fig. 5. (a) An enlarged SEM image of the surface morphology for the Laminate-50 sample sliding perpendicular to the interface under a normal load of 5 N after 900 
cycles. (b) IPF mapping with respect to TD of the worn subsurface structure. The surface is outlined by the yellow dashed line. (c) GND density mapping. The color 
bar in the GND density mapping means the number of GNDs per unit area. (d) Cross-sectional TEM image of the topmost mixing layer. The inset shows a SAED 
pattern of the white dashed circle. Al2O3 ball with a diameter of 6 mm was used. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 6. (a) An enlarged SEM image of the surface morphology for the Laminate-50 sample sliding parallel to the interface under a normal load of 5 N after 900 cycles. 
(b-c) IPF mapping with respect to SD of the ND-TD worn cross-section (b) and corresponding GND density mapping (c). (d-g) IPF mappings with respect to TD (d and 
f) and corresponding GND density mappings (e and g) of the ND-SD cross-sections for the CuZn and Cu layers. (h) Cross-sectional TEM image of the topmost CuZn 
layer in (d). The inset shows the SAED pattern of the topmost grains. Al2O3 ball with a diameter of 6 mm was used. 
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Fig. 7. (a-b) SEM images of the worn surfaces for Laminate-50 under both sliding directions after 10 cycles. The insert in (b) shows a delamination layer formed in 
the CuZn layer. (c and d) TEM images of worn subsurface microstructure near the heterogeneous interface taken from the area in (a) and (b) respectively. (e-g) TEM 
images taken from the dashed rectangle in (c) and (d), the corresponding selected area electron diffraction (SAED) pattern in (e) is taken from the white dashed circle. 
The zone axis is [011]. (h-i) Corresponding GND density mappings of (c) and (d) respectively. The color bar in the GND density mapping means the number of GNDs 
per unit area. A load of 5 N and Al2O3 ball with a diameter of 6 mm were applied. 

Fig. 8. (a) COF curves of the Laminate-20 sample for both sliding directions after 900 cycles. (b-c) Bright field STEM images of the worn subsurface CuZn layer for 
Laminate-20 under both sliding directions after 10 cycles: (b) parallel to the interface and (c) perpendicular to the interface. (d) Bright field STEM image of the worn 
subsurface CuZn layer for the Laminate-20 sample sliding perpendicular to the interface after 100 cycles. (e) Corresponding EDX mapping of (d). (f) An enlarged 
bright field STEM image of the twinned grains in (d). (g) HRSTEM image showing deformation twinning as indicated in (f). The sample coordinate systems are 
marked in the TEM images. A load of 2 N and Al2O3 ball with a diameter of 1 mm were applied for each sample. 
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the interface is composed of dislocations (Figs. 7f-g), as indicated by the 
white arrows. Figs. 7 h and i show the corresponding GNDs density 
distributions for Figs. 7c and d, respectively. It is seen that the density of 
GNDs for the sample sliding perpendicular to the interface are much 
larger than for the parallel one across the entire deformation regions. In 
addition, for 100 sliding cycles (Figs. S4c-d), the worn surface mor
phologies are similar to those for ten cycles under both sliding 
directions. 

3.4. Friction anisotropy under different contact pressures 

Taking the effect of applied stress on the friction anisotropy into 
account, additional sliding tests were conducted on some laminates with 
different contact pressures by adjusting the normal loads and counter
body diameters. The Young's modulus of 110 GPa for Cu and 360 GPa for 
Al2O3 and a Poisson ratio of 0.32 for Cu and 0.23 for Al2O3 were used to 
calculate the Hertzian contact pressure, respectively. 

First, a load of 2 N and 1 mm Al2O3 balls were selected to attain a 
Hertzian contact pressure of ~2.37 GPa, 144% higher than the ~0.97 
GPa in previous friction tests. The friction anisotropy is again found for 
the laminate-20 sample (Fig. 8a) under this condition. The COF in
creases to a steady value of 0.3 when sliding parallel to the interface. In 
contrast, the COF remains lower and increases slowly in the perpen
dicular case. Figs. 8b-c show the worn subsurface microstructures of the 
CuZn layer for both sliding directions after ten sliding cycles. When 
sliding parallel to the interface (Fig. 8b), grain refinement with a large 
number of dislocations can be observed within a 2 μm thick layer below 
the surface. In the perpendicular case (Fig. 8c), a large number of 
deformation twins accompanied by dislocations are generated below the 
contact surface, with no significant change in grain size. We further 
performed the friction test on the Laminate-20 sample after 100 cycles, 
with the sliding direction perpendicular to the interface. Fig. 8d shows 
the formation of the mixing layer in the worn subsurface CuZn layer, and 
the EDS mapping (Fig. 8e) shows that the vortex-like structure is 

composed of copper and minor Zn content. Many deformation twins 
exist in the grains below the mixing layer in Fig. 8f. The HRSTEM image 
reveals the atomic-scale twinning structure (Fig. 8g). 

Second, a load of 2 N and 6 mm Al2O3 balls were selected to attain a 
low Hertzian contact pressure of ~0.72 GPa. Friction tests were carried 
out on the Laminate-50 samples under both sliding directions. No fric
tion anisotropy is generated either in the early stage or the steady state 
(Fig. 9a), with COFs reaching a steady value of 0.5. SEM images of the 
worn surface (Figs. 9b-c) show identical wear scar width and peeling off 
of the surface layer for both directions. Cross-sectional worn subsurface 
microstructures were characterized by EBSD for both directions 
(Figs. 9d-g). No obvious grain refinement exists in either the Cu or the 
CuZn layers. The GND density mappings show that the GNDs only exist 
within a depth of about 10 μm in the topmost Cu layer, with only a few in 
the CuZn layer for both sliding directions (Figs. 9e and g). 

4. Discussion 

4.1. Size effect on chemical mixing in heterogeneous laminates 

The principal finding is that friction-induced chemical mixing 
perpendicular to the interfaces is significantly stimulated with the 
decreasing layer spacing less than a critical value of 50 μm under a 
maximum Hertzian contact stress of 0.97 GPa. This can be interpreted 
from the following two aspects. 

First, the applied tribological stress is unable to cause mass transport 
of soft Cu over the entire CuZn layer, when its spacing is large enough 
(see Fig. 4). This can be explained by the subsurface in-plane shear stress 
σxz calculated by the Hamilton's model [44] at a COF of 0.4 for the loads 
of 2 and 5 N (Fig. 10a and c). The highest shear stress (~380 MPa) at the 
front of the indenter is at a depth of about 15 μm for the load of 5 N. We 
then plot the stress distribution along the sliding direction at this depth 
(Fig. 10b), where x = 0 represents the middle of the indenter. It can be 
seen that the compressive stress at the front of the indenter increases 

Fig. 9. (a) COF curves of Laminate-50 under both sliding directions after 900 cycles. (b-c) SEM images of the worn surfaces for each direction. (d-g) IPF mappings (d 
and f) and corresponding GND density mappings (e and g) of the worn subsurface layer for both sliding directions: (d and e) perpendicular to the interface; (f and g) 
parallel to the interface. The sample coordinate systems are marked, and the IPF mappings are color coded with respect to TD and SD, respectively. The color bar in 
the GND density mapping means the number of GNDs per unit area. A load of 2 N and Al2O3 ball with a diameter of 6 mm were applied. 
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first and then decreases with increasing distance. The maximum width 
of the stress field exceeding the yield strength of Cu (150 MPa) is about 
60 μm, which is larger than the layer spacing in the Laminate-50 sample 
with substantial mixing. This means that the different layers can deform 
concurrently in response to large tribological strains in the Laminate-50 

sample. However, with decreasing tribological stress, no friction 
anisotropy and significant chemical mixing are observed for the same 
laminate. Figs. 10c-d show the shear stress component σxz under a load 
of 2 N. At the depth (~ 10 μm) with the maximum shear stress at the 
front of indenter, the width exceeding the yield strength is determined to 

Fig. 10. The xz component of the stress field along the sliding direction at a COF of 0.4 under normal loads of 5 N (a) and 2 N (c), and the lines indicate the contours 
of constant stress. Variation of applied shear stress along the x-axis at a depth of 15 μm (b) for 5 N and 10 μm (d) for 2 N. Al2O3 ball with a diameter of 6 mm 
was used. 

Fig. 11. Variation of the GND density along the sliding direction at a depth of 15 μm for Laminate-50 under both sliding directions after 900 cycles: (a) perpendicular 
to the interface and (b) parallel to the interface. The upper and lower curves in (b) refer to the Cu and CuZn layer, respectively. A load of 5 N and Al2O3 ball with a 
diameter of 6 mm were applied. 
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be about 40 μm (Fig. 10d), which is less than the laminate layer spacing. 
This is further supported by the stress field analysis of the Laminate-20 
sample with chemical mixing when sliding against a 1 mm Al2O3 ball 
under 2 N (Fig. S6), where the maximum shear stress width in front of 
the indenter exceeding the yield strength is about 35 μm (Fig. S6b). 
Overall, the above stress field analysis indicates that the matching of the 
applied shear stress and the layer spacing is the decisive factor in trig
gering significant chemical mixing. 

Second, the dislocation activity across the heterogeneous interfaces 
is supposed to facilitate chemical mixing. This proposition is supported 
by the calculated distributions of GNDs in the worn subsurface layer for 
the Laminate-50 sample under both sliding directions after 900 cycles 
(see Figs. 5c and 6c). The GNDs density for the sample sliding perpen
dicular to the interface is noticeably larger than that parallel to the 
interface. A thick surface layer with many GNDs is to accommodate a 
large strain gradient in both Cu and CuZn layers when sliding perpen
dicular to the interface. While for the other direction, a much smaller 
gradient is generated in the Cu and CuZn layers (Fig. 6c). The GNDs 
distributions along the sliding directions at a depth of 15 μm were 
further compared (Fig. 11) for both directions. For the perpendicular 
case (Fig. 11a) plotted from Fig. 5c, the GNDs distribution within the Cu 
layer is relatively uniform, while there is a concentration of GNDs in the 
middle region of the CuZn layer. Fig. 11b shows the GNDs distribution 
within both layers when the sliding direction is parallel to the interface, 
plotted from Figs. 6e and g. The GNDs distribution is relatively uniform, 
and the values are smaller than those for sliding perpendicular to the 
interface. The higher GNDs density is expected to facilitate the forced 
chemical mixing. It is postulated that the dispersive GNDs distribution 
along the sliding direction will again suppress the strain localization, 
which is favorable for chemical mixing between the laminates under 
multiple sliding. The detailed deformation mechanisms will be discussed 
later. 

In the early stage prior to chemical mixing between the laminates, a 
high density of twins and dislocations in the CuZn layer releases the 
strain concentration near the interfaces (Fig. 7c). The heterogeneous 
interfaces are deduced to be responsible for chemical mixing during 
multiple sliding, on the basis of strain delocalization along both the 
depth and sliding direction. It is expected that greater interfacial dislo
cation plasticity will result in less strain localization, leading to 
enhanced chemical mixing between the soft and hard laminates. 

4.2. Subsurface deformation mechanisms with heterogeneous interfaces 

When sliding parallel to the interfaces, a delaminating tribolayer 
forms in the CuZn layer (Figs. 6a and 7b), which is consistent with 
previous studies on wear mechanisms of Cu alloys and Cu matrix com
posites [22,45–48]. This is due to the concentration of large plastic 
strains and strain gradients in the topmost layer, leading to the cracking 
and peeling-off of the tribolayer (Fig. 7b). The subsurface stress field 
analysis reveals that the shear stress component σxz has a gradient dis
tribution from the top surface (~450 MPa) to the bulk interior right 
below the indenter (Fig. 10a). The topmost layer (~5 μm in thickness) 
experiences very high stresses that exceed the yield stress of Cu and 
CuZn, leading to the formation of a delaminating tribolayer and a high 
COF. 

In contrast, when sliding perpendicular to the interfaces, the surface 
remains smooth for all sliding cycles (Figs. 5a and 7a). The confinement 
of heterogeneous interfaces effectively promotes the synergistic defor
mation of the two layers, mitigating the formation of the brittle tribo
layer. At the very beginning of sliding for the samples demonstrating 
frictional anisotropy, many deformation twins accompanied by some 
dislocations occur in the CuZn layer when sliding perpendicular to the 
interface. The formation of a delaminating tribolayer is significantly 
retarded. In contrast to tensile deformation of Cu/CuZn laminates 
[27,49], both the soft Cu and hard CuZn domains deform simultaneously 
under tribological loading in the very early stage of sliding. The tensile 

deformation of the CuZn layer is dominated by GND pile-ups when the 
tensile strain is typically less than 0.3 [27]. While for multiple sliding 
with large strains, a large number of deformation twins are formed in the 
CuZn layer when sliding perpendicular to the interface. 

4.3. Origins of friction anisotropy 

With strong evidence for the existence or in some cases nonexistence 
of friction anisotropy, our study points out that friction anisotropy is 
ultimately related to the laminate layer spacing and the applied tribo
logical shear stress. Friction anisotropy is activated when the layer 
spacing is less than a critical value (~50 μm) for a constant tribological 
stress (~ 0.97 GPa). In other words, friction anisotropy is triggered when 
the tribological stress is higher than a critical value for a certain lami
nate. We calculated the minimum contact stress required to trigger 
friction anisotropy for samples with varying layer spacings, as sche
matically illustrated in Fig. 12 (dashed blue line). Smaller layer spacing 
and higher tribological stress are expected to trigger friction anisotropy 
in the heterogenous laminates. In anisotropic conditions, the friction 
and wear during perpendicular sliding are lower than those during 
sliding parallel to the laminate interface. 

Friction anisotropy is largely related to strain delocalization not only 
along the depth but also across the interfaces. First, sliding perpendic
ular to the interfaces brings about many CuZn deformation twins in the 
vicinity of the interfaces, in contrast to the parallel case (the insets in 
Fig. 12). The twinning discrepancy is more pronounced when the 
tribological stress is significantly elevated from 0.97 to 2.37 GPa. In 
addition to GNDs pile-up, the twins contribute to the strain gradients 
across the interfaces and thus suppress the strain localization in the 
CuZn layer. Similar dislocations activity and grain refinement are acti
vated in the Cu layers for both sliding directions. Second, friction- 
induced chemical mixing perpendicular to the interfaces is signifi
cantly stimulated below the critical layer spacing, mitigating the for
mation of a delaminating tribolayer. As supported by the experimental 
results and stress field analysis, the tribological strain is mainly confined 
in the topmost layer with a large strain gradient along the depth during 
parallel sliding, leading to strain localization and the formation of a 
delaminating tribolayer (Figs. 6a and 7b). In contrast, a much smaller 
strain gradient is present when sliding perpendicular to the interfaces. 
Taken as a whole, the outstanding tribological properties of heteroge
neous laminates are primarily attributed to interface-induced strain 
delocalization. 

5. Conclusions 

Bulk heterogeneous coarse-grained Cu/CuZn laminates with 
different layer spacings (20–200 μm) were fabricated by diffusion 
welding, cold rolling and subsequent heat treatment, wherein the grain 
size of the Cu layer is much larger than the CuZn layer. The effect of 
layer spacing on the tribological properties and corresponding friction 
anisotropy were systematically investigated and linked to surface 
deformation mechanisms in proximity to the interfaces between the two 
laminate constituents. Two sliding directions (perpendicular and par
allel to the interfaces) were chosen under different tribological shear 
stresses. The following conclusions can be drawn:  

(1) Both the COF and wear rate decrease with the decreasing layer 
spacing for both perpendicular and parallel sliding directions 
with respect to the interface of the laminates. Pronounced friction 
anisotropy occurs below a critical spacing value or above a 
tribological stress threshold, where the COF and wear rate during 
perpendicular sliding are much lower than those during sliding 
parallel to the laminate interface.  

(2) In the early stages of sliding and for the samples showing friction 
anisotropy, sliding perpendicular to the interface leads to a large 
number of dislocations and deformation twins in the CuZn layer, 
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in contrast to parallel sliding where few dislocations and twins 
were detected. This difference in the tendency to deform by 
twinning is more pronounced when the tribological stress is 
significantly elevated by 144%. In addition to GND pile-ups, the 
twins accommodate the tribological strain across the interfaces 
and suppress strain localization in the CuZn layer.  

(3) When sliding parallel to the interfaces between the laminates, the 
formation of a brittle nanostructured tribolayer dominates in the 
CuZn layer. When sliding perpendicular to the heterogeneous 
interface, the dislocation activity across the heterogeneous in
terfaces is expected to facilitate chemical mixing, mitigating the 
formation of a delaminating tribolayer. These results ignite the 
untapped potential in designing heterogeneous laminates with 
improved tribological properties through rational interface- 
induced strain delocalization. 
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